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Abstract— An automatic swing control (ASC) feedback is pre- 
fJif , fo J r L reaxatl0n voltage-controlled oscillators (VCO's) The 
ASC feedback maintains the oscillation swing at a constant level 

rl Z*Zf y ad usting ,he thresh0,d volt »s* of the oscni o 

The feedback mechan.sm provides a very wide linear frequency 
range and pushes saturation in the frequency characteristic of the 
oscl ator to higher frequencies. As a result, operation close to he 

sr r hi T b,e frequency ' set by the ^ erent i 

I hfv™°r° P ' ° meS I P ractica,1 - V P 0 «ible. Also, the sensitivity 
of the V CO frequency characteristic to process and temperature 
variations is reduced. These features make the ASC oscillator 
part.cu arly suitable for autorate operation in seriaWig.i "to 
applications. Detailed description of the design and eJerin^nS 
results of a trimmable VCO are given in this paper 
that the frequency range is increased from 20-500 to 20-500 S 
when the ASC feedback is applied. In addition, staS daL 
from more than 1000 samples from several batchTl before and 

turabil.ty of the ASC feedback approach. The implementations 
were done ,„ a semicustom 14-GHz bipolar procesf 
Index Terms- Analog integrated circuits, bipolar transistor 
re ' aXati0n ° Sd,,ators - voStage-conSed 

I. Introduction 

THE operation of a relaxation oscillator is based on alter- 
nate y charging and discharging a capacitor by a reference 
7cVs ^ R K IaX T n " baS£d -'^-trolled- oscSr 
UJ. Compared to nng and inductance-capacitance (LC)-tuned 

b ! S *F Pr ° V ; de 1,16 Wid6St ^ ™* 
best linear voltage-to-frequency characteristic. However, these 
oscillators usually suffer from poorer noise performance [3] 

In a bipolar process, a relaxation oscillator can be realized as 
either an emitter- or. a collec.or-coupled configuration [1], [4] 




Hi. 2. Voltage waveform across the capacitor: (a) ideal case and ft,) nonideal 



. lv C1UICI iucsu-ate or gr 0und ^ presenL 

ihese jumps create excessive current spikes and possible 
ubstrate mjection. On the other hand, the floating capaci o in 

iZ™:™% d configuration does not e ~ 



M. a H IKt Jiff' ' ? ' ^ I4 " '*> 8 - amplitUde ° f 2V * where >5 = V tk '-VcZ (Vci 

r ,'hoS b Cnrct) nUm COrp - Burliw ° ni - L7L 5P5 common-mode voltage of V c and V c) . m ^acuce V w t 

T. Sowlati was with Gennum fnm n..,i:„... ~_ _. _ Set to a reference value i'n * -i. r_ _ j, ' 
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a v'ohL7 ,r0lling P^'^is a currenl rather than 
"Oltage-io-current convener is used. 



in thus figure, the voltage at node V c increases linearly until 
>t reaches the threshold level V th . At this time, the latch is 
reset and the polarity of the current through the capacitor 
is reversed. The capacitor voltage starts to increase in the 
opposite direction until V c reaches the threshold level This 
sets the latch and completes one cycle of oscillation. As a 
resu t, the voltage across the capacitor swings with a peak 
amplitude of 2V S , where V s = V< h - V CM { V CM is the 



„. ro r C) Ul pracuce, v CM is 
reference value in a common-mode feedback loop 
not shown ,n Fig. 1 for simplicity. The capacitor voltage 
waveform is illustrated in Fig. 2(a). In the ideal case the 
frequency of oscillation is linearly dependent on the current 
and inversely proportional to the capacitance and its voltage 
0018-9200/98$ 10.00 © 1998 IEEE 
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_^To derive this formula, it is assumed that as. soon as V c or 
V c reaches V tK , the switch toggles instantly. However there 
is a delay associated with the comparator, the set-resei (SR) 
latch, and the switch. During this delay T d , the voltage across 
the capacitor continues to rise or fall in the same direction by 
the amount AV S = TT d /C, as shown in Fig. 2(b). As a result 
the voltage swing across the capacitor is no longer fixed, and 
the actual amphtude of the capacitor voltage swing becomes 



.«(/) 



= 2Vs + §. 



(2) 



The above^change in the capacitor swing can be viewed as 
an increase in the threshold voltage, making it a function of 
the charging current 



As a result, the frequency of oscillation drops to 



(3) 




(4) Fig. 4. Voltage waveform across the capacitor in the ASC VCO. 



As (4) shows, the linear relationship between current and 
frequency is approximate. At low frequencies, T d can be 
ignored and linearity is good. At high frequencies T d is 
comparable with the period of oscillations, and consequently 
the I-F characteristic becomes nonlinear. AJso, when / is 
increased, the frequency slowly approaches its maximum limit 



}lim ~4T d (5) 
However, operation of the oscillator close to f lim is practi- 
cally imposs.ble because of the excess.ve current requirement 
Furthermore, since the capacitor voltage swing increases with' 
/■ the circuit should be designed to handle a much larger 
voltage swing. As the delay T d is dependent on temperature 
and process, the sensitivity of the oscillator to these factors 
increases as the frequency increases. For autorate operation 
u senal-^gual v ,deo applications [5], where operation at 
mul t ,p,e : center frequencies is required, it is desired to design 
the Vco such that us voltage-to-frequency characteristic is 
insensit.ve to process and temperature variations over a wide 

h?"? rang£ \? e PreS£nCe ° f r « in W ind ^ates that 
this goal cannot be ach.eved by trimming the VCO at one 
frequency. In the following section, a feedback control ove 
* oscillator threshold voltage will be introduced to overcome 
the aforementioned limitations. 



voltage is adaptively adjusted to compensate for the threshold 
increase described by (3). Fig. 3 shows the block diagram of 
a relaxation VCO that incorporates the ASC feedback loop 
Here, the desired voltage swing of the capacitor is applied 
o the oscillator as the reference voltage of the control loop 
Vr*f. The capacitor voltage swing is extracted by subtracting 
the average voltage of V c and V c from their peak value 
Ihe extracted swing is compared with the reference voltage to 
generate an error signal, which is then amplified and low-pass 
filtered. The resulting signal, when added to the common-mode 
voltage V CM , provides the oscillator with a threshold level that 
could vary between V CM and V CM + Vnt . By having a large 
dc gam in the ASC feedback loop, the threshold voltage settles 
at a level that forces the error signal to almost zero. As shown 
m Fig. A the voltage swing across the capacitor becomes 
independent of the charging current and has a constant peak 
amphtude of 2V ief . The frequency becomes a linear function 
of the current even at high frequencies 



for / < /,;, 



(6) 



n. The automatic Swing Control Concept 

S wI?o v b f C id T C / ^ ASC feedb3Ck is 10 re P' a « the fixed 
^»ng voltage, V s ln Fig. 1, with a variable vohage [6]. This 



w here f lim IS set by the process and is given bv (5) Fur- 
thermore operation close to this frequency is achievable in 
practice because the feedback loop can force V s to zero Also 
note that high-frequency operation of the ASC VCO does not 
require the excessive current that is predicted by (4) for a 
conventional relaxation VCO. Fig. 5 is a typical illustration 
of the frequency and voltage swing characteristics of the 
conventional and ASC relaxation VCO's shown in Fi es . 1 and 
3. Note that for the ASC oscillator, the swing is kept constan. 
up to the point where the feedback loop has decreased V s 
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rH g a J ! ion F vro^ f and SWin ? characteristi « of the conventional and ASC 
relaxation VCO s (frequency is normalized 10 ! ~ 
minimum). 



down to zero. At this point, the frequency has reached 
limit and cannot be increased beyond that. 



m. Circuit Description 



Fig. 6. Circuit diagram of the 



conventional relaxation oscillator. 



A. Relaxation VCO 

Fig. 6 shows the circuit diagram of the collector-coupled 
relaxation VCO. In accordance with Fig. 1. this circuit was 
designed and fabricated as our reference for evaluating the 
performance of the VCO after the ASC loop was added Here 
trustors <?, and Q 2 form the switch SW and direct current' 

p t °/n arge diSCharge Ca P acitor C i- ^""P resistors 
Ri and R 2 are used instead of current sources to eliminate 
tne need for a common-mode feedback and PNP or PMOS 
transistors. The available PNP transistors in our process have a 
low early voltage, high parasitic capacitances, and low beta To 
achieve a reasonable beta, many PNP transistors are required 
TTus increases the parasitics to a value close to C x . In addition' 

handt C r P T ti0n CirCUit f ° r PNP tranS1St0rs is "f** » 
handle the w.de variations in I c . Q 3t Q 4< and ^ ? F 6 

act as a negative resistance to compensate for the current 

sanations in the pullup resistors due to the volta°e swin* 

-ross them [7]. As a result, capacitor C, is charged 

tha inTv W ' 3 C ° nStant CUmnL b Sh0uld be me ™oned 
tnat n this approach, the common-mode voltao e V rM is a 
uncoon of 7 C . The variation in V CM results in a change 
n the junctton capacitors at nodes V c and V c . However, 
cnese changes are small compared to C, and have a negligible 
-«ect on the frequency of oscillation. R s . R 7i and C 2 extract 

^°^?7 od :: ol z ge of the capacitor ™*' 

f he Vp ■ t T V y Q ' SerVCS 35 th£ threshold v °ltage 
the SR latch. The latch consists of Q s . Q, A and rf 
—tng Q 5 is on and Q& js off _ the g t olt a 6 g e atthe bfse 

•mS r ' S vo C r Pared r th *" ° f ^ Which is effective 'y the 
miner voltage of Q 9 . As soon as this voltage passes the 
resholo level, Q 7 starts to conduct and. through thTpStive 
eedback of the latch, turns off Q 5 and turns on Q 6 ml 
"anges the state of the latch, and consequently the stateo 



the switch, and reverses the direction of the current through 

The mechanism through which the swing amplitude is set 
is slightly different from (but equivalent to) what was shown 
m Fig. 1. Rather than being added to the common-mode ' 
voltage, the reference voltage is subtracted from both V c 
and V c through dc voltage drops across resistors R l7 and 
K 16 . Transistors <? 10 and Q n buffer V c and V c before level 
shifting. These transistors also compensate for the V BE drop 
of C? 9 , which is used to buffer V CM . For best compensation 
the currents of these three transistors should be equal DC- 
kvel-shifted versions of V c and V c are fed to the bases of 
Qi and Q 8 to toggle the state of the latch. 

The differential voltage applied to V e and V e controls the 
amount of the current through R 16 and R 17 by bypassing 
some of the bias currents of differentia] pairs Q 2g -Q 29 and 
a~S* 1 ' However ' to kee P *e currents of tramistors Q 10 
and Q u constant and independent of the amount of dc shift 
Ks. the bypassed currents _are added to the currents of R 16 
and R 17 . Although V e and V e , and hence V s , are.constant for 
our conventional VCO, this will not be the case once the ASC 
feedback is established. 

In our implementation, the charging current I c consists of 
two components: a coarse-tuning current and a fine-tuning 
current. This is to achieve the multiple center frequency re- 
quirement. These components are both generated by applyina 
an mternal bandgap voltage to an external resistor. Therefore" 
A: is almost independent of process, temperature, and supply- 
voltage variations. 



B. Relaxation VCO with ASC 

Fig. 7 shows the circuit diagram of the ASC feedback 
which was designed to be added to the conventional VCO 
described above. In this circuit, transistors Q 1S and Q 19 and 
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^'OTZ 



Fig. 8. Current I OTZ . 



^L a st^r m of *■ ASC feedba * which « * ««* » - 



capacitor_C 4 extract the peak voltage of shifted versions of 
V C and V c . Q 16> Q„ t R&< Rgt and ^ e;ctract d)ft common . 
mode value of these voltages. The degenerated differential cell 
consisting of Q 20 , Q 2J , and R 10 , converts the difference be- 
tween the peak and common-mode voltages into a differential 
current. This current, which is representative of the oscillator 
swing, is subtracted from a reference current. The reference 
current is generated by applying the reference voltage V f 
to a matched degenerated differential cell composed of Q22, 
Q23, and R u . The net differential error current is convened 
back to voltage by resistors * 13 and R J4 . Q 24 , q k 
R12 are configured in a positive feedback to enhance the 
voltage gam of the error amplifier. The value of R n was 
chosen to be slightly more than the sum of R 13 and R u and 
matched to them. This guarantees that the positive feedback 
never causes a latchup. The low-pass filter composed of C 5 
C 6 , and R lb filters the error signal. This filter stabilizes the 
feedback loop and filters out the ripples introduced by the 
peak detector. When the ASC circuit is connected to the 
VCO of Fig. 6, the differentia! error signal V e - V adjusts 
Vs, as explained earlier. It should be pointed out that this 
1 constrai ™ on the modulating frequency when 

r? e 1S modulated by an external control voltage For 

high modulating frequencies, the ASC loop fails to respond 
and the VCO gain drops to that of the conventional VCO 
IDerefore, the time constant of the ASC loop, set by the 
low-pass filter, must be chosen according to the maximum 
modulating frequency. 

The reference voltage V n{ is used to compensate for tem- 
perature and process variations of the oscillator. In the present 
VCO, the frequency of oscillation tends to decrease with 
temperaiure due to parameters such as positive temperature 
coefficient of C u increase in the switching time of <?, an d 
V2. and temperature response of our ASC feedback circuit 
ih.s temperature dependency can be compensated by de- 

ou?h"V' ref - The Pr0C " S Vari2ti0nS Can also be "nceled 
out b> tnmmmg this voltage. Therefore, V tef should have 
an appropriate combination of the following components- 
a component that has a negative .emperature coefficient a 



component that can be trimmed, and a component with a fixed 
value. In our implementation, V rt{ is generated bv passino 
a current I OT z through the internal resistor R 16 shown in 
Fig. 7. As shown in Fig. 8, the current I OTZ is composed 
of three components. The first component I a is generated bv 
applying a bandgap voltage across an internal resistor This 
part develops a fixed voltage drop across R 1S , independent 
of process and temperature. The second component J T is 
generated by a V BE drop across an internal resistor and 
develops the voltage with the negative temperature coefficient 
The third component I Zl which can be trimmed with 6 bits 
of accuracy, generates a trimmed temperature-independent 
voltage. By on-wafer trimming of the current I z , the refer- 
ence voltage V ref is permanently adjusted such that a target 
frequency of oscillation is achieved at a predetermined amount 
of current I c . The proper combination of I Q and I T was first 
chosen based on simulations and was later adjusted based 
on measurement results. It should be pointed out that the 
ASC feedback removes the effect of T d and consequently its 
large process-dependent effect on the oscillation frequency 
Therefore, tnmming at one frequency results in trimming the 
VCO from low frequencies (where T d is negligible) up to 
high frequencies (where T d is comparable to the period of 
oscillation). 



IV. Simulation Results . 
In this section, some of the simulation results for the VCO 
are provided to further demonstrate the effectiveness of the 
proposed ASC feedback. We will first compare the perfor- 
mance of the oscillators with and without ASC. Next we will 
show how the ASC oscillator performs over process variations 
Last, we will demonstrate how trimming can compensate 
process vanations in the ASC oscillator. 

The relaxation oscillator was simulated both with and with- 
out the ASC feedback (Figs. 6 and 7). This VCO was intended 
to be used m a phase-locked loop with a maximum loop 
bandwidth of few megahertz. The bandwidth of the ASC 
feedback loop was chosen to be 10 MHz. Therefore, the 
modulating frequency of the VCO is well within the frequency 
response of the ASC. The frequency and the peak value of 
the signal swing of the capacitor versus current are shown 
in Fig. 9. As can be seen, by applying the ASC, the linear 
frequency range of the VCO is extended significantly. The 
Z ' ha { ac,eristic of ^ VCO without ASC starts to bend at 
about 200 MHz, while the I-F characteristic of the ASC VCO 
goes up to about 700 MHz before starting to bend. The ASC 
feedback is also seen to increase the frequency of oscillation 
at the current level of 7 mA from 625 to 950 MHz TW 
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Current (mA) Current (mA) 

Fig. 9. Frequency and amplitude of oscillations with and without ASC. 



trimming FrCqUenCy a " d am P litud e of oscillation of the ASC oscillator after 




p^e* v3on" Cy amP ' itUde ° f OSCiIlaI, "° n ° f tht ASC ° SCil,ator under 



has been achieved by keeping the amplitude of oscillation 
fairly constant at about 500 mV (twice the reference voltage) 
and preventing it from increasing to 800 mV, as shown in 
Fig. 9. 

Fig. 10 shows the characteristics of the ASC VCO simulated 
using the "nominal" model and two comer models "fast" and 
slow, which cover the effect of process variations on the 
oscillator, in all three cases, the ASC feedback loop keeps the 
signal swing across the capacitor almost constant. However 
because of different capacitance values in the three models fa 
variation of ±20%). the I-F curves have different slopes- the 
largest slope for the "fast" case and the smallest slope for the 
slow case. The maximum frequency depends on the delay 
that is the smallest in the "fast" case (where we see the highest 
frequency) and the largest in the "slow" case (where we see 
the lowest frequency). 
To have a VCO with an I-F characteristic independent 

process, the voltage V nt is trimmed. As discussed in 
he previous section, F rc( is adjusted such that at a ojven 
™1 ? C freqUency of oscmation « that of the nominal 
»ocess. In our simulation, the signal swing of the "fast" 
-•ase must be increased to 600 mV, whereas the signal 
• ing Of the "slow" case must be decreased to 400 mV 
'g. 11 shows the simulation results of the ASC VCO after 
TZ\u mA ' corr «P° n ding to a frequencv 

00 A Z u^ C T ~ F characteris "« overlap up ,o about 

00 MHz. Above 600 MHz, the I-F characteristic for the 
on Mu aS VJ ar,S t0 satura,e toward its ^ximum value of 

nomS' 7 freqU£nCy f ° r thC " faSr C3Se overla P* 'he 
nominal frequency up to about 800 MHz. It should be 
cnted out that trimming does not affect the maximum limit 
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Fig. 12. Block diagram of the chip. 

of the oscillation frequency, which is dictated by the delay 



v. Implementation 
The ASC VCO was designed to have a frequency sweep 
range of 20-800 MHz [g]. The circuit was fabricated on 
a semjcustom array in a bipolar process that offers NPN 
transistors with a cutoff frequency of 14 GHz and lateral PNP 
transistors with a cutoff frequency of 50 MHz. This process has 
two metal layers, poly resistors, and MOS and metal-to-metal 
capacitors. 

Fig. 12 shows the block diagram of me implemented chip A 
bandgap voltage is applied to an external resistor to generate a 
constant current 7 c£e . The voltage-to-current convener, which 
has a coarse and a fine tune input, generates the chanrin» 
current I c from I ctt . With the right combination of V COAt ° 
and V fine , shown in Fig. 12. the center frequencv and tun- 
ing range of the VCO are set. The circuit schematics of 
the oscillator core and ASC blocks were shown in Fio S 6 
and 7 and were discussed in detail in previous sections. 
The ASC block receives the currents I Q . I T , and I z from 
the bandgap, temperature compensation, and trim blocks 
respectively. The trim block provides on-w a fer trimmins ca- 
pability, which can be used to trim the center frequency 
of the VCO to within ±0.4%. Having six trim bits al- 
lows successful trimming of the devices that experience a 
process variation of up to 50%. The micrograph of the im- 
plemented chip is shown in Fig. 13 with the various blocks 
highlighted. 
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Fig. 13. Micrograph of the chip. 
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fig. !4.. Measured I-F characteristic of the oscillator. 

VI. Experimental Results 
Fig. 14 shows the measured I-F characteristic of the oscil- 
lator. With the ASC feedback inactive, the oscillator works up 
to only 500 MHz. A further increase in the current does not 
increase the frequency, as the voltage swing is also increased 
due to the effect of T d . Once the ASC feedback is added 
the frequency of oscillation reaches 800 MHz. Also the 
hnear range of the characteristic becomes considerably wider 
Trtese are m accordance with the theory and simulation results 
discussed earlier. It should be pointed out that as the current is 
reduced, the common-mode voltage of the capacitor terminals 
approaches the supply voltage and reduces the headroom for 
the capacitor voltage swing. This limits the low-frequency 
operation of the VCO to 20 MHz in both cases. 

F lg . 15 shows the statistical data before and after trimming 
of more than 1000 ICs gathered from ten wafers fabricated in 
different process runs. As seen in Fig. 15(a), the frequency 
at a current of 7 fl has a mean value of 351 MHz with 
a standard deviation of 87.4 MHz. Of these devices, only 
5.5% experienced a process variation greater than 50% and 
*ere rejected. For the remaining 94.5%, on-wafer trimming 
*as performed at the current level I cl . The target frequency 
*as 330 MHz, and the resulted standard deviation was 1 7 
MHz. By switching the current to 7 c2 , the frequency had 

onlv ea AMu °^ 494 - 2 MHZ 2 St3ndard deviation of 
only o.7 MHz. The histograms after trimming are shown 
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Fig. 15. Statistical data (a) before and (b) after trimming! 




Ambient Temperature (Degrees C) 

Fig. 16. Measured temperature behavior. 

in Fig. 15(b). The small standard deviation at the second 
frequency is an indication that the I-F characteristics of 
the trimmed ICs overlap regardless of the process variation 
Therefore, current switching can be used to achieve a relatively- 
accurate frequency switching. The process independence of 
the I-F characteristic of the ASC VCO makes it attractive in 
autorate serial-digital video applications where a single VCO 
is required to operate in various frequency bands oveT a wide 
frequency range. 

Fig. 16 illustrates the temperature measurements at three 
different operating frequencies of a plastic-packaged ASC 
VCO. A temperature coefficient better than -230 ppm/°C 
is achieved over a span of )20°C. It should be mentioned 
that as temperature rises, T d increases and, consequently, 
/i im drops. However, for frequencies below f ]im the ASC ■ 
feedback removes the effect of T d and allows the temperature- 
compensation circuit to be effective even at an ambient tem- 
perature as high as 120°C. The plastic-packaged pan was also 
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TABLE I 

Temperature Measurements Under Supply Variation's 



Supply 


Ambient Temperature (Degrees C) 


Voltage (V) 




0 


20 


40 


60 


80 


100 


120 




F1 (MHz) 


331 


332 


333 


332 


331 


327 


321 


4.75 


F2 (MHz) 


486 










480 


474 




F3 (MHz) 


637 


644 


646 


646 


644 


639 


630 




F1 (MHz) 


330 


332 


332 


332 


331 


327 


321 


5.00 


F2 (MHz) 


484 


485 


486 


485 


482 


478 


472 




F3 (MHz) 


637 


644 


646 


646 


644 


638 


628 




F1 (MHz) 


330 


332 


332 


332 


330 


327 


320 


5.25 


F2 (MHz) 


483 


484 


485 


483 


481 


477 


469 




F3 (MHz) 


637 


644 


646 


646 


643 


637 


626 



tested over supply variations of ±5% across the 0-P0°C 
temperature range. The results are summarized in Table I For 
the stated change in the supply voltage, the frequency changes 
by only 0.6% at room temperature and changes not more than 
1% over the entire temperature range. 

The chip operates from a nominal power supply of 5 V 
and draws a total current of 18 mA. 2 The tuning range 
of the VCO is 30% of its center frequency. The phase 
noise of the .oscillator measured at 370 MHz is -99 dBc/Hz 

f inn MH ^ ° ffSet - T ° meaSUre the P^-supply rejection, 
a lUU-mV rms sinusoidal waveform was added to the sup- 
ply voltage. This generates dominant tones at the applied 
frequency /„ and its folded frequency around the carrier 
The power-supply rejection ratio (PSRR) at various applied 
frequencies is given in Table II. In this test, the carrier 
frequency was set to 580 MHz and had an output power 
of -4.3 dBm. A rejection of better than almost 30 dB 
was observed. Table ITI summarizes the performance of the 

vii. Conclusions 
An ASC was presented for use with relaxation oscillators 
was shown that ASC both increases the linear frequency 
ange and reduces the sensitivity of the oscillator to process 
•nd temperature variations. A collector-coupled relaxation 
•sci lator was implemented in a 14-GHz bipolar process 
nue WlIh ASC lh e frequency reaches 800 MHz, without 

^teZZZl^T* '^""j * e ?™ ilic "P^tances and requires 



Supply Voltage 
Supply Current 
Frequency Range 
Tuning Range 
Phase Noise (370MHz) 
PSRR 

Temperature Coefficient 
Trim Accuracy 
Trim Range 
Technology 



5V 
18mA 

20-800MHZ 

30% of center frequency 
-99dBc/Hz@2MHz offset 
>26dB 

-230ppm/°C over 120°C 
± 0.4% of center frequency 
50% of center frequency 
14GHz-f T bipolar, semi-custom 



ASC it goes up to only 500 MHz. Statistical data were 
presented showing that by trimming the ASC VCO, the 
I-F characteristic becomes independent of process variations 
over a wide frequency range. This means that only one 
external resistor and a V-I convener are required to adjust the 
frequency in various bands over a wide ranee. These features 
make the ASC VCO attractive in autorate serial-digital video 
applications. 
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